In recent years, the horticultural sector has been confronted with questions about the carbon footprint of its products. However, the global standards used to calculate the greenhouse gas (GHG) emissions have some gaps that do not address the sector-specific issues for horticulture, such as crop rotation, land use of soil organic matter and the use of combined heat and power (CHP). The need for a sector-specific standard which addresses these interpretation gaps was identified. In response to this need, the 'Carbon footprinting of horticulture products protocol' (DNCF2009) was developed by the Dutch horticultural sector. The protocol is intended to follow the guidelines of PAS 2050 for the life cycle analysis of horticultural products; a lot of situations in greenhouse horticulture have to be described in so-called "Best Practices". In greenhouse cultures, energy consumption is the main component of the CO 2 emission. To save energy, many Dutch greenhouse companies use CHP to heat their greenhouses. These growers may sell the superfluous electricity produced by the CHP to the national grid, thereby generating two products; the horticultural product, e.g., a tomato and the electricity. The CO 2 emission of the electricity production should be deducted from the total CO 2 production of the CHP, in order to calculate the CO 2 emission that should be assigned to the production of the crop.
INTRODUCTION
Global heating as a result of greenhouse gasses (GHG) is a hot topic. The environmental impact of the modern horticulture sector is the subject of an increasing a Peter.vermeulen@wur.nl b Carin.vanderlans@wur.nl 62 interest to the community. Wholesalers, supermarkets and consumer organisations therefore want insight into the GHG emission of their products, for both organic and conventional cropping methods. They plan to show the CO 2 footprint on their products, as an indicator of the impact on global heating by the production of their products. As a result, Carbon Trust, the UK Department for Environment Food and Rural Affairs (DEFRA) and the British Standards Institution (BSI) have developed a protocol for the calculations of the CO 2 footprint, the so-called PAS 2050 (BSI, 2008a, b) . This protocol is based on the methodology of the life cycle assessment (LCA) of the International Reference Life Cycle Data System (Hienrich, 2010) . In 2008, the Dutch Horticultural Board and the Ministry of Agriculture, Nature and Food Quality decided to start a pilot project to build a model to calculate the CO 2 footprint, so the sector can anticipate the answer to the potential question "What is the CO 2 footprint of Dutch greenhouse production?" (Blonk et al., 2009) . This model may be used by the members of the Dutch Horticultural Board to calculate the CO 2 footprint of their own production plant and is able to calculate the effects of changes in the production method (http://www.tuinbouw.nl/artikel/co2-footprint-berekenen).
During this study, it became clear that the use of cogeneration for the production of heat and electricity reduced CO 2 emissions, and consequently, the CO 2 footprint. Growers use co-generation to save costs and energy. In Dutch greenhouse horticulture in 2010, combined heat and power (CHP) systems which generated approximately 3000 MW of electric power were installed in a total area of 10,500 ha. Their annual electricity production is about 10 TWh. This electricity is partly used for artificial lighting, but most is sold to the national grid. The heat generated is used for heating the greenhouses. This decentralised cogeneration of electricity at greenhouses has benefits compared with central electricity production at normal power stations, where most of the heat is cooled and thus wasted. Organic crop production has to compete with this modern way of cropping with the use of CHP. This article calculates the CO 2 footprint of organic and conventional tomato cropping systems. Examples of the allocation methods for CHP are described and the impact on the CO 2 footprint is shown.
MATERIALS AND METHODS
The CO 2 footprint of a conventional greenhouse plant was compared with that of an organic greenhouse plant. For both plants, the footprints for growing with and without energy co-generation were compared. An overview of data for a conventional tomato crop produced between mid December and late November was used. Data were obtained from "Kwantitatieve Informatie voor de Glastuinbouw 2008" (Quantitative information on greenhouse horticulture), a report that frequently contains overviews of the actual inputs, cost and yields for the main crops of the Dutch greenhouse horticulture (Vermeulen, 2008) . Organic tomato production starts at the beginning of January and ends in December. Cogeneration is used to save energy, by avoiding energy waste, especially heat, at the central electricity plants. The relevant data are shown in Table 1 .
In the situation with the CHP system, the grower produced two different products; tomatoes and electricity. For assigning CO 2 emission from a central source to multiple objectives, three ranked allocation methods can be distinguished (BSI, 2008a, b) :
System Reduction
The CHP production process was broken down into sub-processes: the electricity production and the heat production, and the allocation was based on energetic output. In the case of 40% electric and 50% thermal return of power, 1 m the greenhouse system and had an impact on the national electricity production. Because the electricity sold to the national grid is not recognized as a reduction in CO 2 output by this allocation method, makes the system reduction allocation method a poor choice.
System Expansion
This method is based on expanding the system to include the impact of displaced products. In the case of cogeneration, the electricity that would have been produced by the national grid (i.e., the avoided electricity) was displaced by the electricity that was produced by the CHP system and sold back to the grid (i.e., the replacement electricity). This allocation method was useful in the co-generation cropping case. The system included the production of tomatoes and the production of replacement electricity. The emission of the replacement electricity was deducted from the total emission of the tomato crop and electricity production at the greenhouse plant, to calculate the emission level of the tomatoes.
Economic Allocation
This allocation method was based on the economic return of the electricity and the crop. If, for example, in a tomato crop, the yearly returns are €50.00 per m 2 and the electricity returns are €12.50 per m 2 , the share of the electricity in the gas consumption of the CHP will be 12.5/(50+12.5) = 20%. If you need 0.284 m 3 gas to produce 1 kWh, the electricity part will be 0.0568 (20% * 0.284) m 3 . This method is very unstable and will give different CO 2 footprints throughout and over the years with a comparable input of energy. Because system expansion can be used, PAS 2050 doesn't allow use of the economic allocation method.
Looking at the replacement electricity production by CHP, the time of production is important. In The Netherlands, the electricity source is different at different times of the day and on different days of the week. There is a base load of electricity production that is supplied by long-lasting power plants such as those fuelled using coal or nuclear power. However, the daily fluctuation of electricity consumption is supplied mainly by gas combustion power plants. All these production methods have their own CO 2 emissions (Table 2 ).
In the case of tomato, the CHP is used for two purposes: 1) production of heat and CO 2 for crop production and 2) electricity as a co-product not used for the production of tomatoes. The electricity produced is sold to the national electricity grid. The electricity market in The Netherlands is divided into two main parts: base and peak hours. The peak hours Monday to Friday from 07:00 to 23:00, the hours with the highest electricity consumption. The base hours are from 23:01 to 06:59 weekdays and the 48 hours of the weekend. The peak hours have a high rate paid and the base hours have a low rate paid. Because the CO 2 demand by the (tomato) crop is also during the day, most of the growers use the CHP during daytime hours, both during the week peak time hours and the weekend base time hours with the low rate paid. The heat produced is used in the greenhouse directly or stored for the night in heat water storage tanks, except for the summer period when a portion of the heat cannot be used because the heat water storage tank is to small and is wasted.
Back to the question 'what is the amount of avoided electricity?' This question was answered by a panel of experts. Participants were a grower with a CHP, a PhD researcher on the energy market, a CHP specialist, an horticultural economist, a seller of electricity and two energy production specialists. The panel concluded that in The Netherlands, electricity delivered in the peak hours reduced electricity produced by gascombusted electricity plants, and in the base hours, that produced by coal-combusted plants. In this case, it was simplified by calculating with 5/7 by gas-and 2/7 by coalproduced electricity, based on the number of days with and without peak hours, respectively. The so calculated avoided CO 2 emission was offset against the CO 2 emission of the gas used by the CHP. In situations where the amount of electricity that is delivered during peak and base hours is known, the real distribution can be used.
In the conventional and the organic crops without CHP, the allocation will be simply that all the CO 2 emissions will be due to the tomato production.
The CO 2 footprint looks at the effect on the GHG of all materials used during the whole production cycle. For all cases, the emission will be calculated for 1000 kg tomatoes. The system boundary of the life cycle assessment started with seedling production and the growth of the young plants, included their transport to the greenhouse and the fruit production at the greenhouse, and ended with the transport of the fruit to the gate of the distribution centre of the wholesaler or supermarket.
The main materials used during the seedling, young plant and fruit production periods were energy (gas and electricity), fertilizers, pesticides, plastics, rock wool, peat, etc. In these cases, the emission of the seedling and young plant production and transport is estimated at 10% of the emission for the fruit production.
An inventory in 2008 at a new tomato production greenhouse gave the amount of materials used for greenhouse construction as shown in 0 with the average annual depreciation and percentage of recyclable materials at the end of its lifetime. PAS 2050 excluded the emissions of the production of these capital goods.
RESULTS
The CO 2 emission of an organic tomato crop and a conventional tomato crop are compared in two cases: without and with the use of a CHP for heating of the greenhouse. The results are shown in Figure 1 and Table 4 . Without cogeneration, the CO 2 footprint of the organic crop is 10% higher than the footprint of the conventional crop, and more than double that of the conventional crop produced using CHP. The higher footprint of the organically grown crop, compared with that of the conventionally grown tomato without CHP is mainly explained by the lower yield of the organic crops (Fig. 2) .
The use of a CHP system lowers the CO 2 emission of the crop by 50%, due to the avoided production of electricity by power plants, and results in an equal CO 2 footprint for the organic and conventional crop. So, the use of cogeneration has a positive impact on reducing the CO 2 emission of the community. The consumption of gas with CHP will be almost 50% higher than without CHP, due to the production of electricity for the national grid. However, because heat and CO 2 are used in the production process, cogeneration results in an overall energy savings by avoiding electricity production in a central electrical production plant that generally wastes the generated heat. The final impact depends on the kind of electricity plant that the CHP-produced electricity replaces. Consequently, an organic grower may decide to use cogeneration to lower his CO 2 footprint.
As shown in Figure 2 , the gas consumption is the greatest CO 2 emission component of greenhouse tomato production; without CHP in the organic growing system this is 85% of the total CO 2 emission; in the conventional growing system it is 84%; and with CHP, it is 78% in both growing systems. Energy savings and the use of green energy are the major components in the reduction of the CO 2 footprint of protected horticulture. The other factors that can be considered for a further reduction of the CO 2 eq emission of a tomato are the use of fertilizers and the transport of the product to the distribution centre.
DISCUSSION AND CONCLUSIONS
Organic greenhouse horticulture has to compete with conventional greenhouse horticulture that is quickly adapting new technologies, such as CHP, for its use. Other new energy systems already have been developed or will be developed, such as: -Heat from CHP delivery by greenhouse growers to other companies and/or nongreenhouse partners, such as schools, swimming pools, etc.; -Heat or CO 2 delivery by electricity or industrial plants to greenhouses; -Use of geothermal heat; -Bio energy; -Fermentation. Both organic and conventional growers can choose from these options and look at the effects of the chosen option(s) on the CO 2 footprint for their production system.
Growers have to become aware that the community and wholesalers want insight into the production method of their suppliers and the impact of the production method on global warming and environmental burdens. The CO 2 footprint is said to be the indicator that wholesalers and supermarkets will use, explaining only part of the overall environmental impact of the production method used. Abiotic resource depletion, human, aquatic and terrestrial toxicity, acidification, eutrophication, deduction of stratospheric ozone depletion and photo-oxidants formation, etc., which are the other (sub)indicators of the LCA methodology, are not considered. For comparison studies, however, these other indicators should be considered to avoid any misinterpretation of the environmental effects of a specific growing system according to the International Reference Life Cycle Data System Handbook (ILCD, 2008) .
There are a lot of databases with elements of the CO 2 eq emissions of materials that use different emission figures on the same materials. Using these different figures can have a high impact on the level of the CO 2 footprint. A widely accepted database which explains local differences in data will be necessary. In this study, the database Ecoinvent (www.ecoinvent.ch) (Dones et al., 2007; Frischknecht et al., 2007) was used.
The CHP case is one of many possible ways to use cogeneration in greenhouse horticulture. The potential CO 2 emission reduction depends on many specific factors. In this study, the most important factors were: electric and heat return of the CHP, number of hours with cogeneration, type of electricity production avoided (i.e., coal or nuclear vs. gas), amount of generated power in relation to the area of the greenhouse, and heat and CO 2 demand of the greenhouse. This CO 2 footprint method is an easy tool for growers to use to calculate the CO 2 emission of their own crop and production method.
In this case study, the use of the CHP is based on the heat and CO 2 demand of the crop, to ensure the least possible heat wastage at the greenhouse plant. To achieve the illustrated reduction of CO 2 emissions using CHP, the investment and extra gas consumption have to be recouped by the returns from the electricity sales. In 2008, which had high prices for both base and peak time electricity delivery, growers let the CHP run extra hours to generate extra income. In 2010, which had low electricity prices, growers stopped cogeneration because the extra gas consumption would not have been recouped by the sale of electricity. Therefore, to realise a reduction of CO 2 emissions with cogeneration in horticulture, there needs to be a stable electricity market with fair prices. Blonk, J., Ponsioen, T. and Scholten, J. 2009 ) of an organic crop and a conventional crop with and without heating using a CHP system. ) of an organic crop and a conventional crop with and without heating using a CHP system.
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